The function of the class I TCP transcription factor TCP15 from Arabidopsis thaliana has been studied through the analysis of plants that express a fusion of this protein to the EAR repressor domain. Constitutive expression of TCP15-EAR produces growth arrest at the seedling stage, before leaf emergence. Expression of the repressor fusion from the AtTCP15 promoter produces small plants with leaves whose margins progressively curve upwards, starting from the basal part of the lamina. Leaves contain smaller and less differentiated cells, both on the adaxial and abaxial sides. The abaxial domain is relatively enlarged, with disorganized cells separated by empty spaces. TCP15-EAR also affects the growth of leaf petioles, flower pedicels, and anther filaments. Flowers show reduced elongation of the three outer whorls and altered gynoecia with irregular carpel surfaces and enlarged repla. Ectopic stigma-like structures develop from medial and basal parts of the replum. TCP15-EAR produces an increase in expression of the boundary-specific genes LOB, CUC1, and CUC2. Changes in CUC1 and CUC2 expression can be explained by the existence of lower levels of miR164 in leaves and the repression of IAA3/SHY2 and the SAUR-like gene At1g29460 in leaves and flowers. TCP15 binds to the promoter regions of IAA3/SHY2 and At1g29460, suggesting that these genes may be direct targets of the transcription factor. The results indicate that TCP15 regulates the expression of boundary-specific genes through a pathway that affects auxin homeostasis and partially overlaps with the one modulated by class II CIN-like TCP proteins.
Introduction
Plant form and architecture is dictated by developmental processes that modulate the growth and differentiation of organs. The size and shape of organs, in turn, depend on the number, size, and type of their constituent cells or, in other words, on processes of cell division, growth, and differentiation (Ingram and Waites, 2006) . Tight regulation of these processes is then essential to produce the complex structure of a plant. Master regulators of cell division, growth and differentiation are usually transcription factors that initiate gene expression cascades that eventually determine the characteristics of cells and the tissues they integrate. In addition, hormone action is usually involved, either upstream or downstream of transcription factors, to modulate developmental processes and integrate them at the organ or tissue level.
Most plant organs develop from groups of totipotent, undifferentiated cells that constitute the meristems. While cells in the centre of the meristem conserve their undifferentiated state, peripheral cells progressively acquire developmental programmes and give rise to organ structures (Barton, 2010) . The balance between both cell types is then essential to ensure the repetitive production of organs with the correct structure characteristic of plant development. Essential for the maintenance of this balance are cells that lie between organs and meristems and constitute the boundaries that express specific groups of genes (Aida and Tasaka, 2006) .
A family of transcription factors specific to plants is the TCP protein family (Martin-Trillo and Cubas, 2010) . TCP proteins appeared in Streptophyta, before the emergence of Zygnemophyta (conjugating green algae; Navaud et al., 2007) . The TCP family has considerably expanded during the evolution of plants and contains more than 20 members in most Angiosperm species. The family can be divided into two main classes, according to the characteristics of the TCP domain, a conserved domain involved in DNA binding and dimerization (Aggarwal et al., 2010; MartinTrillo and Cubas, 2010) . Class II proteins regulate several aspects of plant development such as the differentiation of lateral organs and the development of axillary meristems (Luo et al., 1996; Doebley et al., 1997; Nath et al., 2003; Palatnik et al., 2003; Aguilar-Martinez et al., 2007; Koyama et al., 2007; Nag et al., 2009) . In particular, CIN-like class II TCP proteins promote leaf differentiation by restricting the activity of meristematic and boundary specific genes (Koyama et al., 2010) . Class I proteins have also been implicated in the regulation of plant development. Overexpression of chimeric forms of Arabidopsis TCP20 fused to either a repressor or an activator domain, for example, produced pleiotropic developmental alterations that were assigned to a role of this protein in the regulation of cell expansion (Hervé et al., 2009) . A similar approach with TCP11, in turn, produced plants with milder alterations in leaf and pollen development , and RNA interference of TCP16 revealed a role of this protein in pollen development (Takeda et al., 2006) . Recently, Kieffer et al. (2011) reported that the closely related proteins TCP14 and TCP15 have overlapping functions in the regulation of leaf and inflorescence development. In addition, other functions, not directly related to developmental processes, have been reported or proposed for class I TCP proteins, like the regulation of the circadian clock (PrunedaPaz et al., 2009) , the establishment of the embryonic growth potential (Tatematsu et al., 2008) and the co-ordination of mitochondrial biogenesis (Welchen and Gonzalez, 2006; Gonzalez et al., 2007; Giraud et al., 2010) .
Analysis of the DNA binding properties of TCP proteins indicated that class I and class II proteins have different, though rather similar, sequence preferences (GTGGGNCC for class I and GTGGNCCC for class II; Kosugi and Ohashi, 2002) . This led researchers to propose that both classes may perform their functions by interacting with similar sets of target genes (Kosugi and Ohashi, 2002; Li et al., 2005) . Previous studies have not indicated, however, the existence of overlapping functions between class I and class II proteins. In this work, the role of the Arabidopsis class I protein TCP15 has been investigated through the use of a fusion of this protein with the EAR repressor domain. Expression in plants of this fusion in the TCP15 expression domain resulted in plants with altered leaf and inflorescence morphology. Morphological studies indicated that TCP15 is a regulator of organ growth, mainly affecting cell growth and differentiation. Molecular analysis suggests that TCP15 regulates the expression of boundary specific genes, presumably through alteration of auxin homeostasis. Notably, TCP15 affects the expression of genes that are also regulated by CIN-like class II proteins, thus showing the existence of a partial overlap in the pathways regulated by TCP proteins from different classes.
Materials and methods
Plant material and growth conditions Arabidopsis thaliana Heyhn. ecotype Columbia (Col-0) was used throughout the study. A line with an insertion in the AtTCP15 coding region (SALK_011491) and the DR5 reporter line were obtained from the Arabidopsis Biological Resource Center (ABRC, Ohio State University). The CUC1 reporter line (Spinelli et al., 2011) was a kind gift of Javier Palatnik (IBR, Rosario, Argentina). Plants were grown in soil at 22-24°C under a longday photoperiod (16 h of illumination by a mixture of cool-white and GroLux fluorescent lamps) at an intensity of approximately 100 lE m À2 s
À1
. Alternatively, plants were grown in Petri dishes containing 0.53 Murashige and Skoog (MS) medium and 0.8% agar.
Gene cloning and plant transformation
For expression of TCP15 fused to the EAR repressor domain (Hiratsu et al., 2003) , the full-length AtTCP15 coding sequence was amplified with primers T15EAR-F and T15EAR-R (see Supplementary Table S1 at JXB online), digested with SalI and ligated with a double-stranded synthetic oligonucleotide with a compatible end encoding the EAR domain. The fusion was amplified with primers T15EAR-F and EAR-XK and cloned in the binary vector pBI121 under the control of the 35S CaMV promoter. For the fusion of the AtTCP15 upstream sequence to uidA (gus), a fragment spanning nucleotides -1514 to -1 with respect to the ATG start codon was obtained by PCR amplification of Arabidopsis genomic DNA using primers pTCP15-F and pTCP15-R (see Supplementary Table S1 at JXB online). The resulting fragment was cloned in vector pBI101.3 in front of the gus gene coding region. The construct for expression of TCP15-EAR under the control of the AtTCP15 promoter (p15::TCP15-EAR) was obtained by replacing the gus coding region and terminator of this construct with an XbaI/EcoRI fragment from the 35S::TCP15-EAR construct containing the TCP15-EAR coding region and the terminator. All constructs were checked by DNA sequencing and introduced into Agrobacterium tumefaciens strain LB4404. Arabidopsis plants were transformed by the floral dip procedure (Clough and Bent, 1998) . Transformed plants were selected on the basis of kanamycin resistance and genotyping. Twenty independent lines for each construct were further reproduced. Ten homozygous T 3 and T 4 plants were used to analyse gus expression. In the case of plants that express TCP15-EAR under the control of the 35S CaMV promoter, primary transformants were analysed. For p15::TCP15-EAR plants, either primary transformants or T 2 and T 3 lines, depending on the severity of the phenotype (see Results), were used.
Arabidopsis transient tranformation was carried out following the protocol proposed by Li et al. (2009) with modifications. The day before co-cultivation, liquid cultures of A. tumefaciens were inoculated from frozen glycerol stocks. After growth at 28°C in 2 ml of LB medium with appropriate antibiotics for 24 h, a saturated culture was diluted into 10 ml of fresh LB medium to OD 600 ¼0.3 and grown until the OD 600 reached 1.5. Bacterial cells were harvested by centrifugation at 6000 g for 5 min and washed once with 10 ml washing solution containing 10 mM MgCl 2 and 100 lM acetosyringone. After centrifugation at 6000 g for another 5 min, the pellet was resuspended in 1 ml of washing solution. In a sterilized 12-well plate, 30-40 5-d-old transgenic Arabidopsis seedlings were soaked with 4 ml co-cultivation medium containing 0.253 MS, 1% sucrose, 100 lM acetosyringone, 0.005% (v/v) Silwet L-77, and A. tumefaciens cells at a final density of OD 600 ¼0.5. Co-cultivation was carried out in darkness in a growth chamber for 36-40 h. Then, b-glucuronidase assays were performed.
RNA isolation and analysis
Northern and qRT-PCR analyses were performed on RNA samples prepared with Trizol reagent (Invitrogen). For Northern analysis, specific amounts of total RNA were electrophoresed and hybridized with an AtTCP15 probe using standard procedures (Ausubel et al., 1987) . To check the amount of total RNA loaded in each lane, filters were then re-probed with a 25S rDNA from Vicia faba. RNA for qRT-PCR analysis was prepared from entire rosettes (aerial parts) of 25-d-old plants or from flowers of 45-dold plants, using the apical portion of the inflorescence which includes flowers at different stages. First strand cDNA synthesis was performed using the oligo dTv primer and MMLV reverse transcriptase (Promega) under standard conditions. qPCR was performed on an aliquot of the cDNA synthesis reaction with primers specific for the genes under analysis or for actin (ACT2 and ACT8; Charrier et al., 2002) or PP2AA3 (Czechowski et al., 2005) , used as standards (see Supplementary Table S1 at JXB online). The reaction was carried out using either an MJ Research Chromo4 or a Stratagene MX3000 apparatus in 20 ll final volume containing 1 ll SYBR Green, 10 pmol of primers, 3 mM MgCl 2 , 5 ll of the reverse transcription reaction, and 0.2 ll platinum Taq DNA polymerase (Invitrogen). Fluorescence was measured at 82°C for 40 cycles. Relative transcript levels were calculated by a comparative C T method. The results presented are from three biological replicates of single lines. Similar results were obtained with at least two additional lines in each case. miR164 levels were determined by stem-loop RT-qPCR, as described previously (Chen et al., 2005) . The sequences of the oligonucleotides used are shown in Supplementary Table S1 at JXB online.
b-Glucuronidase assay b-Glucuronidase (GUS) activity was analysed by histochemical staining using the chromogenic substrate 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid (X-gluc) as described by Hull and Devic (1995) . Whole plants or separated organs were immersed in a 1 mM X-gluc solution in 50 mM sodium phosphate, pH 7.0, 10 mM EDTA, 1 mM each potassium ferricyanide and potassium ferrocyanide, and 0.1% Triton X-100. Vacuum was applied for 5 min and reactions were incubated at 37°C until satisfactory staining was observed.
Scanning electron microscopy and histological analysis Seedlings, leaves or inflorescences of A. thaliana were fixed in FAA solution (formalin-acetyl alcohol-acetic anhydride-water, 10:50:5:35 v/v), and transferred 24 h later to 70% ethanol. Samples were dissected under a Nikon SMZ-10 stereoscopic microscope. After dehydration with a series of ethanol solutions (80%, 96%, and 100%), they were transferred to pure acetone for desiccation using CO 2 in a critical point drier (Emitech K850). Finally, samples were coated with gold-palladium using an Edwards S150B sputter coater, and photographed using a Leitz AMR 1000 (Cambridge, England) scanning electron microscope located at the Centro Científico Tecnoló gico CONICET Rosario (Argentina).
For histological analysis, samples were fixed overnight in FAA at room temperature, dehydrated, cleared, and embedded in paraffin using standard protocols. Sections were obtained with a microtome and stained with 0.1% toluidine blue.
DNA binding assays
For electrophoretic mobility shift assays (EMSAs), purified recombinant TCP15 fused to the E. coli maltose binding protein was incubated with labelled double-stranded DNA (10000 cpm) generated by amplification of the promoter regions of interest with specific oligonucleotides (see Supplementary Table S1 at JXB online). Labelling was performed with [a- 32 P]dATP by filling-in the 3#-ends generated after restriction enzyme cleavage using the Klenow fragment of DNA polymerase. Binding reactions (20 ll) contained, in addition to labelled DNA, 20 mM HEPES (pH 7.5), 50 mM KCl, 2 mM MgCl 2 , 0.5 mM EDTA, 1.0 mM dithiothreitol, 0.5% Triton X-100, 10% glycerol, and 1.5 lg poly(dI-dC). Reactions were incubated for 20 min on ice, supplemented with 2.5% Ficoll and immediately loaded onto a running gel (5% acrylamide, 0.08% bis-acrylamide in 0.53 TBE plus 2.5% glycerol; 13 TBE is 90 mM TRIS-borate, pH 8.3, 2 mM EDTA). The gel was run in 0.53 TBE at 30 mA and 4°C for 1.5 h and dried prior to autoradiography. Mutation of a putative TCP binding site in the IAA3/SHY2 promoter was performed by overlap extension mutagenesis (Silver et al., 1995) using complementary oligonucleotides with the desired mutations (see Supplementary Table S1 at JXB online).
Results

Constitutive expression of TCP15-EAR is lethal to plants
The function of Arabidopsis thaliana TCP15 was studied using different strategies. Phenotypic analysis of a homozygous T-DNA insertional mutant (SALK_011491) did not reveal evident differences with wild-type plants. This is not unexpected, since there are 13 class I TCP proteins in Arabidopsis (Martin-Trillo and Cubas, 2010), which may give rise to functional redundancy, as also observed for some class II members (Aguilar-Martínez et al., 2007; Koyama et al., 2010) . A dominant negative approach, based on the expression of TCP15 fused in its C-terminal end to the EAR (SRDX) repressor domain (Hiratsu et al., 2003) was then used. Similar strategies have proved successful to study the function of other transcription factors, including two TCP domain proteins (Koyama et al., 2007 (Koyama et al., , 2010 Hervé et al., 2009) . Expression of the fusion (TCP15-EAR) was performed under the control of the constitutive 35S CaMV promoter or a 1.5 kbp fragment located upstream of the TCP15 coding region. Transformation with the first construct (35S::TCP15-EAR) produced a small number of plants that were similar to wild-type. TCP15-EAR transcript levels were undetectable in these plants, as they were in wild-type plants (Fig. 1A, lanes 1 and 3) . The presence was also detected of primary transformants that showed resistance to kanamycin but did not develop further from the seedling stage. These plants showed strong expression of TCP15-EAR (Fig. 1A , lane 2). Analysis of these plants using scanning electron microscopy indicated that they contain small hyponastic cotyledons and lack a shoot apical meristem (Fig. 1C, D) , while wild-type plants of the same age show expanded cotyledons and developing leaf primordia (Fig. 1B) .
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Expression of TCP15-EAR from the AtTCP15 promoter inhibits cell growth and differentiation When TCP15-EAR was expressed from the AtTCP15 promoter, plants with a range of developmental abnormalities (p15::TCP15-EAR plants) could be recovered and reproduced. Based on the severity of the phenotypes, plants were classified into three different classes ( Fig. 2A) Fig. 2A ). These plants developed true leaves that were similar, though considerably smaller, than wild-type leaves during the initial stages of development (Fig. 2B, C) . However, after approximately 20 d, leaf margins curved upwards, mainly in basal parts of the lamina (Fig. 2C , arrows). Most of these plants (about 60%) did not develop further after 3e weeks on soil and did not reach the reproductive phase. Class I plants were similar to class II plants but had a milder phenotype. A majority of these plants reached the reproductive stage and their descendants could be obtained and analysed. The severity of the observed phenotypes was correlated with the expression levels of TCP15-EAR as measured by qRT-PCR (see Supplementary Fig. S1 at JXB online).
In class II p15::TCP15-EAR plants at the rosette stage, the most striking phenotypic characteristic was the rolling of leaves (Fig. 2E) , contrasting with the essentially planar leaf phenotype observed in wild-type plants (Fig. 2D ). Leaf rolling became more severe in the youngest leaves of 4-week-old plants. The abaxial side of leaves contained bulges or protrusions (Fig. 2E, arrows) presumably formed by laminar growth in sectors located between veins. To study this phenotype further, transverse histological sections of p15::TCP15-EAR leaves were analysed. Compared with the wild type, cells were considerably more disorganized in p15::TCP15-EAR plants (Fig. 2F, G) . The width of the palisade parenchyma was severely reduced and the spongy parenchyma was more disorganized and contained many empty spaces. This produced an increase in the relative area of the abaxial side of the leaf, which may be responsible for leaf curling and the occurrence of protrusions on this side. The vasculature of leaves appeared normal and no evidence of abaxialization was observed.
Adaxial epidermal and palisade parenchymatic cells were considerably smaller than wild-type (Fig. 2H, I , K, L), suggesting that TCP15-EAR inhibits cell growth. Cells from the abaxial epidermis were also smaller than those in the wild type and, in leaves with severe phenotypes, lacked the characteristic puzzle-like form of wild-type cells, possibly reflecting a differentiation arrest (Fig. 2J, M) . Quantitative measurements indicated a strong reduction of cell size in both the adaxial and abaxial sides (Fig. 2N, O) . It is concluded that TCP15-EAR produces an inhibition of leaf growth mainly due to an arrest in cell enlargement. In addition, the fusion generates an imbalance in leaf growth, affecting the organization of the abaxial and adaxial portions and the co-ordinated expansion of central and peripheral parts of the lamina.
TCP15-EAR alters inflorescence and flower development
Inflorescence development was also affected in p15::TCP15-EAR plants. Plants at the reproductive stage were considerably smaller than wild-type (Fig. 3A) . Elongation of the inflorescence axis was reduced originating clusters of flowers (Fig. 3B, C) . In plants with stronger phenotypes, a cluster of flowers was formed immediately above the rosette (not shown). Cauline leaves formed rod-like structures originated by the upward curling of the lamina (Fig. 3C, arrow) . These leaves also showed protrusions on the abaxial side, as observed in rosette leaves. Pedicel elongation was also affected, leading to the occurrence of downward-pointing flowers and siliques and bending of the inflorescence stem at the point of pedicel emergence in some cases (Fig. 3C, D , arrowheads). Internode length was irregular (Fig. 3D,  arrow) , causing alterations in the phyllotactic pattern. Silique longitudinal elongation was also reduced (Fig. 3E, F) .
Flowers of p15::TCP15-EAR plants showed alterations in the four whorls ( Fig. 3G-J) . The three outer whorls failed to elongate properly, producing flowers with exposed gynoecia (Fig. 3H ). Sepals were thicker than the wild type and curled inwards, towards the adaxial side (Fig. 3H, I , J). Elongation of anther filaments was considerably reduced, thus affecting plant reproduction. Occasionally, one or two anther filaments elongated enough to fertilize ovules, giving rise to the production of siliques that were shorter than wild-type and contained viable seeds (Fig. 3E, F) . Plants obtained from Adaxial epidermal cells were observed using scanning electron microscopy; palisade parenchyma was observed in leaves cleared with chloral hydrate; abaxial epidemis was imprinted in slides covered with adhesive tape. Images correspond to zones near the centre of the lamina. (N, O) The quantitation of relative cell area of the palisade parenchyma and abaxial epidermis, respectively, measured in pixels from micrographs using the program ImageJ (http://rsbweb.nih.gov/ij/). The frequency of these seeds recapitulated the range of phenotypes described above for p15::TCP15-EAR plants.
The phenotype of p15::TCP15-EAR flowers was studied in more detail using scanning electron microscopy (Fig. 4) . The outer, abaxial, surface of sepals was irregular and relatively more extended than the inner surface (Fig. 4B) . This uneven growth of the adaxial and abaxial sides is most likely responsible for the cup-shaped structure of sepals. p15::TCP15-EAR sepals also lacked trichomes that are usually present on the abaxial surface, near the tip of wildtype sepals (Fig. 4A, B) , suggesting that epidermal cell differentiation is altered. Epidermal cells of p15::TCP15-EAR sepals were smaller than the wild type. In particular, sepals lacked large rod-like cells oriented longitudinally in the abaxial epidermis (Fig. 4K, L) , again suggesting that TCP15-EAR affects cell differentiation. Petal enlargement was also reduced and some petals showed inward curling of the borders. In plants with a strong phenotype, anther filaments showed constrictions with an irregular surface near the distal end (Fig. 4I) . Ovaries developed ectopic stigma-like structures along the replum. These structures, first visible as small protrusions in flowers at stage 10-11 of p15::TCP15-EAR plants (Fig. 4D ), but not in wild-type plants at the same stage (Fig. 4C) , grew up to conform filaments with stigmatic papillae at their borders ( Fig. 4F-H) . In some flowers, these filaments were fused forming laminar structures. Filaments with stigmatic papillae were also formed from flower receptacles (Fig. 4J ). In addition, p15::TCP15-EAR gynoecia showed an irregular surface with transversal constrictions (Fig. 4F) . Valve cells were more disorganized and the replum was relatively enlarged, protruding from valve margins (Fig. 4D, H) , unlike the situation in wild-type plants (Fig. 4C, E) . Replum enlargement was also evident in transversal sections of flowers that also showed an apparent increase in septum development (Fig. 3J) . 
TCP15 expression pattern
As a next step to study the function of TCP15, it was decided to analyse the expression pattern conferred by its promoter region, in order to compare this pattern with the alterations observed in p15::TCP15-EAR plants. For this purpose, stable lines containing the uidA (gus) gene under the control of the TCP15 promoter region were obtained and analysed. In embryos, expression of the reporter gene was observed in cotyledons (Fig. 5A ). After germination, expression was evident in leaves throughout development. Expression was strong in leaf primordia and progressively located to petioles and basal regions of the lamina (Fig.   5B, C) . Upon maturation, expression was confined to petiole and laminar margins (Fig. 5D) . No expression was observed in roots, hypocotyls or developed cotyledons. An analysis of the inflorescences revealed strong expression in pedicels and receptacles (Fig. 5E ). In flowers, staining was evident in anther filaments and pistils (Fig. 5F ). Expression in gynoecia progressively located to the apices upon development. Siliques showed preferential expression in the septum and the funiculus (Fig. 5G) . Expression was also detected in sepals and petals at the early stages of development. The observed expression pattern is in agreement with the tissues or organs that show altered morphology or development in p15::TCP15-EAR plants. 
TCP15-EAR alters the expression of boundary-specific genes
Our results suggest that TCP15 regulates several aspects of plant development, affecting organ growth and tissue identity. To gain an insight into the processes that may be responsible for the observed phenotypic alterations caused by expression of a repressor form of TCP15 at the molecular level, the phenotype of p15::TCP15-EAR plants was compared with those of plants with altered levels of other developmental regulators available in the literature. The phenotype of p15::TCP15-EAR plants is similar to that of plants that constitutively express the boundary specific gene LATERAL ORGAN BOUNDARIES (LOB; Shuai et al., 2002) , also known as ASL4 (Majer and Hochholdinger, 2011) . These plants are smaller than the wild type, have short petioles, hyponastic leaves, and tightly packed clusters of flowers with exposed gynoecia due to reduced elongation of sepals, petals, and stamens (Shuai et al., 2002) . This prompted us to test LOB expression levels in rosettes and flowers of p15::TCP15-EAR plants. A 2-5-fold increase in LOB expression was observed in p15::TCP15-EAR plants with respect to the wild type (Fig. 6A, B) . The expression of CUC genes that are also involved in boundary specification (Aida and Tasaka, 2006) and of genes that are known to influence LOB expression, like AS1, BOP1, STM, and KNAT1 (Byrne et al., 2002; Ha et al., 2007; Majer and Hochholdinger, 2011) were then analysed. Of all the genes tested, only CUC1 and CUC2 showed significant changes in expression levels (Fig. 6A-D) . Both genes were up-regulated in p15::TCP15-EAR rosettes and flowers, with relative increases of 3-6-fold for CUC1 and of 2-4-fold for CUC2 (Fig. 6C, D) .
Additional information on the effect of TCP15-EAR on the expression of CUC1 was obtained by crossing p15::TCP15-EAR plants with a stable line that expresses the gus reporter gene under the control of the relevant CUC1 regulatory regions. In wild-type plants, CUC1 expression was first observed in the shoot apical meristem and progressively located to the base of lateral organs upon plant maturation (Fig. 6E) . In flowers, expression was detected in the receptacle (Fig. 6G ). In p15::TCP15-EAR plants expression extended to leaf lamina and petioles, flower pedicels, and floral organs (Fig. 6F, H ), in agreement with the expression pattern of TCP15. The results indicate that the CUC1 expression domain is expanded in p15::TCP15-EAR plants, suggesting that TCP15-EAR activates the expression of this gene.
TCP15-EAR represses the expression of CUC1/2 negative regulators
CUC1 and CUC2 are post-transcriptionally regulated by miR164 (Laufs et al., 2004; Mallory et al., 2004) . Measurement of miR164 levels in p15::TCP15-EAR plants indicated that they are 3-fold lower than those of the wild type in rosettes, but 3-fold higher in flowers (Fig. 6C, D) . Thus, increased expression of CUC1 and CUC2 in rosettes may be explained by the observed decrease in miR164, but the existence of additional factors that influence CUC expression must be invoked in flowers. Recently, factors involved in auxin responses, together with the leaf developmental regulator AS1, were shown to be involved in limiting the expression of CUC genes (Koyama et al., 2010) . Interestingly, these genes are direct targets of the class II TCP protein TCP3 and other CIN-like TCPs. As mentioned above, AS1 expression is not altered in p15::TCP15-EAR plants, but transcript levels of IAA3/SHY2 and the SAUR-like gene At1g29460 are significantly reduced in rosettes and flowers (Fig. 7A ). Decreased expression of these genes may then explain the observed increase in CUC expression in leaves and flowers. In addition, this suggests that TCP15 influences the expression of boundary-specific genes through a pathway that partially, but not completely, overlaps with the one involved in the action of CIN-like TCP proteins.
TCP15 binds to motifs present in the promoter regions of IAA3/SHY2 and At1g29460 AS1, IAA3/SHY2 and At1g29460 are directly regulated by TCP3 through regulatory motifs present in their promoters (Koyama et al., 2010) . CIN-like TCP proteins recognize the sequence GTGGNCCC (Kosugi and Ohashi, 2002; Schommer et al., 2008) , while TCP15 and other class I proteins show a preference for GTGGGNCC ( Fig. 7B ; Kosugi and Ohashi, 2002; Viola et al., 2011) . The similarity of these sequences led us to test the binding of TCP15 to the promoter regions that contain the putative TCP binding sites in the genes mentioned above. Recombinant TCP15 was able to interact with the promoter regions that contain the putative TCP binding sites in the three genes (Fig. 7C) . However, the efficiency of binding was different, since higher amounts of bound DNA were observed for IAA3/SHY2, intermediate levels for At1g29460, and lower levels for AS1 (Fig. 7C) . Mutation of the TCP binding site of IAA3/SHY2 completely abolished binding (Fig. 7C) , indicating that the interaction with this sequence is specific. Binding efficiency correlates well with the level of similarity of the TCP binding sites present in the respective promoters with the binding sequence preferred by TCP15 ( Fig. 7B-D ; Viola et al., 2011) . Interestingly, there is also a good correlation of these two features with the effect of TCP15-EAR on the expression of the corresponding genes, especially when IAA3/SHY2 and AS1, that contain a single binding site in their promoters, are compared ( Fig. 7A-D) . Sequence preferences may then be on the basis of the different regulatory properties displayed by TCP15 and CIN-like TCP proteins.
TCP15 affects the activity of an auxin-responsive promoter
While the role of At1g29460 in auxin action is not known, IAA3/SHY2 has been described as a negative regulator of some auxin responses and a positive regulator of others (Tian and Reed, 1999; Tian et al., 2002) . The effect was then analysed of TCP15-EAR on the expression from the auxin-responsive DR5 promoter (Ulmasov et al., 1997) . Transient transformation of a DR5 reporter line with constructs expressing TCP15-EAR produced an increase in expression respective to non-transformed plants or plants transformed with an unrelated transcription factor. Increased activity of the DR5 promoter was particularly evident in cotyledons, since GUS activity in these organs was undetectable after 5 h of staining in control plants (Fig.  8A, B) but was clearly visible in plants transformed with TCP15-EAR expressing constructs (Fig. 8C, D) . As a control of the efficiency of the transient transformation approach, the CUC1 reporter line reported above was also transformed. In this case, CUC1 expression was clearly visible in primary leaves as a consequence of the expression of TCP15-EAR (Fig. 8G, H) , but not in control plants (Fig.  8E, F) , in agreement with the results obtained using stable transformation. Expression levels of other genes related to auxin homeostasis were also measured, including auxin synthesis, auxin-mediated gene expression, and auxin distribution, in p15::TCP15-EAR plants. With the exception of the auxin biosynthetic gene YUC1, whose expression is significanlty increased in flowers, major changes were not detected in the expression of these genes (see Supplementary  Fig. S2 at JXB online).
Discussion
Evidence was obtained that TCP15 modulates several aspects of plant development, affecting organ growth, cell organization and differentiation, and the expression of boundary-specific genes and genes involved in auxin homeostasis. TCP15 is a member of the class I TCP family, composed of 13 proteins in Arabidopsis (Martin-Trillo and Cubas, 2010). To study the function of TCP15, it was decided to test the effect of the expression of a repressor form of this protein. This strategy is particularly suitable for the study of transcription factors in cases of functional redundancy (Hiratsu et al., 2003) , as is probably the case in multigene families like the TCP family.
TCP15 inhibits cell growth and differentiation
Expression of TCP15-EAR from the 35S CaMV promoter produced plants that lack a shoot apical meristem and have hyponastic cotyledons. Expression in the TCP15 expression domain inhibited organ growth at different levels, producing plants that were considerably smaller than the wild type. Smaller leaves were the result of defects in cell growth and differentiation, since epidermal and palisade parenchyma cells were considerably smaller and less developed than those in wild-type leaves. The correlation of leaf size with cell size in p15::TCP15-EAR plants suggests that a main function of TCP15 would be to regulate cell growth. A decrease in adaxial epidermal cell size as a result of the expression of a fusion of the EAR domain to TCP14, the closest Arabidopsis homologue of TCP15, was recently reported by Kieffer et al. (2011) . These authors ascribed this to a local increase in cell proliferation. Since cell proliferation and growth are tightly coupled, both observations may originate in alterations of similar processes. In fact, the leaf phenotype of p15::TCP15-EAR plants is similar to that reported for plants that express TCP14-EAR (Kieffer et al., 2011) , in agreement with the notion that these proteins have overlapping functions. A difference, however, is that TCP14-EAR produces a reduction in tip elongation and enlargement of the leaf base (Kieffer et al., 2011) , while TCP15-EAR mainly affects margin development (this work). These differences are most probably related to the expression domains of the corresponding genes rather than with functional differences of the encoded proteins. This is supported by the fact that TCP14-EAR and TCP15-EAR also produce similar developmental alterations in inflorescences (Kieffer et al., 2011) .
Histological analysis indicated a relative increase and disorganization of the abaxial domain of TCP15-EAR leaves that may originate the hyponastic phenotype. It has been proposed that the juxtaposition of abaxial and adaxial domains is required for correct extension of the leaf lamina (Waites and Hudson, 1995) . Uneven growth of the abaxial and adaxial domains was also observed in cotyledons of 35S::TCP15-EAR plants and in cauline leaves and sepals of p15::TCP15-EAR plants, suggesting that the effect of TCP15 is not restricted to rosette leaves.
TCP15 influences inflorescence and flower development
Longitudinal elongation of several organs was also affected in p15::TCP15-EAR plants. These included leaf petioles and pedicels, as reported recently (Kieffer et al., 2011) . TCP15 is strongly expressed in these structures, suggesting that it has an important function in their development. Pedicels were not only shorter, but also developed at a different angle with respect to the main stem, originating flowers that pointed downward in the most extreme cases. This is reminiscent of loss-of-function mutants in the KNOX gene BP (KNAT1; Douglas et al., 2002; Venglat et al., 2002) and of plants that over-express negative regulators of KNAT1, like BOP1, BOP2, AS1, ASL1 or AS2 (Lin et al., 2003; Nakazawa et al., 2003; Chalfun-Junior et al., 2005; Ha et al., 2007; Wu et al., 2008) . However, expression of none of these genes was significantly altered in p15::TCP15-EAR plants, suggesting that TCP15 either affects a different pathway or acts downstream of these genes. A similar phenotype was observed in plants that over-express LOB (Shuai et al., 2002) , that is induced in p15::TCP15-EAR plants and is probably downstream of AS1, AS2, BOP1, and BOP2 (Byrne et al., 2002; Ha et al., 2007; Majer and Hochholdinger, 2011) . Expression levels of TCP15 were not altered in KNAT1 or AS2 mutant plants (data not shown).
In flowers, elongation of the three outer whorls was affected. Strong expression of TCP15 in anther filaments is indicative of a role of TCP15 in filament elongation. In addition, p15::TCP15-EAR flowers showed altered gynoecia. The presence of constrictions in carpel surfaces may be originated by a general disruption of co-ordinated cell growth, as observed in leaves, sepals, and anther filaments. Replum enlargement and the formation of structures with stigmatic papillae were also evident, indicating that TCP15 is a regulator of replum and stigma development. The replum is formed by cells that have meristematic activity and give rise to several fruit structures, like the septum (and lately the ovules), the style and the stigma itself (Girin et al., 2009) . The formation of stigma-like structures from medial and basal portions of the replum may then indicate the loss of positional information that restricts the differentiation to stigma to the top of the gynoecium. It is interesting that boundary specific genes are involved in the separation of replum and valve structures, as they are involved in the separation of meristems and leaves in vegetative tissues (Alonso-Cantabrana et al., 2007; Girin et al., 2009) .
TCP15 modulates the expression of boundary-specific genes
Expression analysis indicated that TCP15 affects the expression of the boundary-specific genes LOB, CUC1, and CUC2, involved in the separation of lateral organs (Shuai et al., 2002; Aida and Tasaka, 2006) . As mentioned above, the phenotype of plants that over-express LOB (Shuai et al., 2002) has similarities with the one observed for p15::TCP15-EAR plants. In addition, CUC1 and CUC2 affect leaf and flower development. CUC1/2 mutants show defects in replum development and fail to maintain the undifferentiated state of septum cells (Ishida et al., 2000) and increased expression of CUC1 and/or CUC2 in flowers produces a range of developmental defects, among them the occurrence of flowers with exposed gynoecia (Baker et al., 2005) and the formation of stigma-like structures from the replum or carpel margins (Larue et al., 2009) . The phenotype of p15::TCP15-EAR flowers may then be explained by the observed increase in CUC1 and CUC2 expression, perhaps in combination with increased LOB expression, that also produces growth arrest in the three outer whorls (Shuai et al., 2002) .
A main regulator of CUC1 and CUC2 expression is miR164 (Laufs et al., 2004; Mallory et al., 2004) . Since miR164 levels are reduced in rosettes of p15::TCP15-EAR plants, this may explain the increase in CUC1 and CUC2 expression at this stage, but also considering that CUC3, that is not regulated by miR164, is not significantly induced in p15::TCP15-EAR plants. In flowers, however, miR164 levels are increased with respect to the wild type, suggesting that additional factors are involved. miR164 is encoded by three different genes, namely MIR164a-c (Sieber et al., 2007) . miR164a is predominant in leaves, where it functions to balance CUC2 expression in the leaf sinus (Nikovics et al., 2006) . It is postulated that reduced miR164 levels in p15::TCP15-EAR leaves may be the result of a reduced expression of MIR164a. Accordingly, a putative TCP protein binding site (GGGACC) is present in the MIR164a promoter region (Koyama et al., 2010) . Increased miR164 levels in flowers may be due to a compensatory effect originated by the increased expression of CUC genes. Such compensatory effects have been observed before in plants that ectopically express the meristematic factor STM (Spinelli et al., 2011) .
In addition to post-transcriptional regulation by miR164, CUC1/2 expression patterns are also influenced by the transcriptional activity of the respective genes (Sieber et al., 2007) . The observed expansion of CUC1 expression to the leaf lamina and flower organs in p15::TCP15-EAR plants suggests that TCP15 may alter CUC1/2 expression at the transcriptional level. Known regulators of CUC1 and CUC2 include STM and auxin (Aida and Tasaka, 2006; Spinelli et al., 2011) . STM expression is not modified in p15::TCP15-EAR plants. The effect of auxin on the expression of CUC genes may be, in part, mediated by SHY2/IAA3 and the SAUR-like protein encoded by At1g29460. These proteins have been described as repressors of CUC genes, acting in conjunction with AS1 (Koyama et al., 2010) . The expression of IAA3/SHY2 and the SAURlike protein gene is altered in leaves and flowers of TCP15-EAR plants, suggesting that TCP15 probably affects CUC1/ 2 expression through the modulation of these genes.
TCP15 affects the auxin response
According with a role of TCP15 in the modulation of genes involved in auxin responses, the expression of an auxinresponsive promoter is induced by the expression of TCP15-EAR. Auxin is involved in anther filament elongation (Cecchetti et al., 2008) and the development of style, stigma, and replum tissues (Nemhauser et al. 2000) , processes affected in p15::TCP15-EAR plants. In addition, changes in auxin homeostasis produce leaf curling (Qin et al., 2005; Li et al., 2008) , as observed in p15::TCP15-EAR plants. Accordingly, the phenotype of p15::TCP15-EAR plants may also be the result of changes in auxin homeostasis that operate in addition to the action of boundary-specific genes.
TCP15 action overlaps with the function of CIN-like TCP proteins Koyama et al. (2010) reported that CIN-like TCPs modulate the expression of AS1, IAA3/SHY2 and the SAUR-like protein gene At1g29460 through direct interaction with TCP-binding elements present in the respective promoters. It is interesting that TCP15 also acts as a regulator of two of these genes. This is consistent with the fact that CIN-like TCPs and TCP15 affect leaf development through a modifications of cell growth and differentiation (Efroni et al., 2008; Koyama et al., 2010 ; this study). The phenotype of p15::TCP15-EAR plants, however, is different from that of plants that express TCP3-EAR (Koyama et al., 2007 (Koyama et al., , 2010  this study). One reason for this may be the differences in expression patterns of AtTCP15 and CIN-like TCP genes. In this sense, it has been observed that the phenotype of leaves that express miR319, that targets a set of CIN-like TCPs, or a miR319 resistant form of TCP4 depends on the promoter that is used for expression (Efroni et al., 2008) . A second reason for the different phenotypes produced by TCP3-EAR and TCP15-EAR is that they seem to share some, either direct or indirect, target genes, but not others. Among the latters is AS1, a repressor of KNOX and CUC genes (Byrne et al., 2000; Ori et al., 2000; Koyama et al., 2010) , and CUC3, whose expression is altered in TCP3-EAR plants (Koyama et al., 2010) but not in TCP15-EAR plants (this study). Our results suggest that functional specificity may also be originated by differences in the DNA binding specificities of CIN-like TCPs and TCP15. CIN-like TCPs show a preference for sequences of the type GTGGNCCC (Kosugi and Ohashi, 2002; Schommer et al., 2008) , while TCP15 prefers GTGGGNCC and this is likely to be relevant for their functions. As an example, it was detected that target sites for TCP15 and other class I proteins are enriched in promoters of genes related to auxin action, while class II target sites are not (see Supplementary Table S2 at JXB online). It can be envisaged that target sites from different genes will be bound preferentially either by CIN-like TCPs, by TCP15 and related class I proteins, or by both groups, depending on their sequence (Fig. 9) . The phenotypic plasticity of such a system, that depends on the relative interactions of a population of transcription factors with a set of target genes, dictated by their affinities for specific DNA sequences and their concentrations within different cell types, may be at the basis of the establishment and evolution of developmental processes that regulate plant form and architecture. Fig. 9 . TCP15 and CIN-like TCPs share regulatory pathways. A scheme previously presented by Koyama et al. (2010) for CINlike TCPs was modified to introduce the findings of the present work. The pathways modulated by CIN-like TCPs and TCP15 partially overlap. The degree of overlap may be specified by the kind of regulatory TCP binding motifs present in gene promoters. Due to the enrichment of class I TCP binding sites in genes related toh auxin action, it is likely that TCP15 and/or other class I proteins also modulate auxin responses independently of IAA3/SHY2 and the SAUR-like protein. TCP14 has been included in the model, based on the functional redundancy observed between this protein and TCP15 (Kieffer et al., 2011) . Arrows indicate, either positive or negative functional relationships. Broken arrows indicate relatively weaker interactions.
